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NMIONAL ADVISORY COMMITSIEX FOR AERONAUTICS - 

EVALUATION OF THE USE OF  ELECTRICAL RESISTANCE FOR DETECTING 

n 
3 By Leonard  Robins 

SUMMARY 

The f e a s i b i l i t y  of using an electr ical   res is tance test f o r  detecting 
overtemperatured S-816 turbine blades was studied. The va r i a t ion   i n   t he  
e l e c t r i c a l   r e s i s t i v i t y  and hardness of new turbine.blades and heat- 
t reated bar stock was determined. The var ia t ion   in   res i s tance  due t o   t h e  
var ia t ion   in  geoinetry was evaluated from measurements of the  cross- 
sectional  areas of blades. 

. 
7 -  
3 The r e s i s t i v i t y  changes f o r  S-816 thermally  treated at temperatures 

higher  than  the normal turbine  blade  operating  temperature were dependent 
on time and temperature and were less than   t he   s ca t t e r   i n   r e s i s t i v i ty  f o r  
specimens cut from new blades chosen a t  random. Hardness and r e s i s t i v i t y  
values  generally were not  related.  Resistance measurements made on a 
b lade   a i r fo i l  may be influenced by the  var ia t ion  in   cross-sect ional   area 
due t o  dimensional  tolerances t o  an extent  that  exceeds the  effects  of 
fabrication  variables and overteirperature  operation. It was concluded 
that a noddestructive  resistance  test t o  detect  the  overtemperature of 
S-816 turbine  blades may be  possible only i f  resis'tance measurements are  
made before and a f t e r  engine  operation o r  suspected  overtemperature. 
Under conditions where the  operating  times and resistance'records  are  not 
kept f o r  individual S-816 blades, it is believed  virtually  impossible t o  
detect  overtemperature by resistance measurements. 

INTRODUCTION 

The normal operating  temperature of 5-816 turbine  blades f n  jet en- 
gines is  about 15W0 F. Under certain  conditions  the  blades may be ex- 
posed t o  temperatures above 1500° F, and they  are  then  said t o  have  been 
overtemperatured. The exposure may vary from a f e w  seconds f o r  severe 
overtemperature  during  transient  engine  operation t o  many hours f o r  
moderate o r  slight overtemperature  during  engine o r  control  malfunction. 

the  blade  during  overtemperature m a y  be e i ther  at o r  lower than the s t r e s s  

0 

I Since  the  overtemperature can occur a t  any engine  speed, t h e   s t r e s s   i n  
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a t  maximum rated engine  speed. In cases where .the  engine is  overspeeded 
t h e  overtemperature  can  occur a* a stress which is above that at - m a x i m u m  
raked power. 

. ...- 

- .  . . - - -  - -  . .. . .. 

A blade that has been overtenperatured may undergo s t ruc tura l  changes 
which can a f fec t  the strength of t he  alloy. This is  indicated by refer-  
ence 1 which states tha t  when specimens of s-816, which prevlacrrrly had 
been given the standard  heat  treatment of' 1 hour at'2150° F followed by 
16 hours at L40Oo F, were.-heated  (overtemperatured) for   several  hours i n  
the range of 16W0 t.0 2000° F, the  1500° stress-rupture l i f e  w a s  de- 
creased. On the other hand, the same reference  indicated that eimilar 
heat ing  a t  2150' F increased the 1500° F Ufe . 

A nondestructive  technique  capable of determining i f  a blade has been 
overtemperatwed would be useful as a guide f o r  blade replacement and 
avoiding  flight  accidents. 

Replacement oeblades  suspected of having  been  overtemperatured i s ,  
at   present ,  based largely on a.visual  inspection for obvious damage. More 
rigorous  inspections are made or the blades  are  replaced when the   p i lo t  
reports   that  the engine  has exceeded cer ta in  maximum temperature 1 i M t B .  
In many instances, however, the p i l o t  i s  unaware of the  overtemperature 
condition. More rigorous  inspections are also m a d e  when other engine 
components indicate  overtemperature has occurred. 

The  overtempera'ture .problem is discussed i n  &eater- d e t a i i   i n  ref- 
erences 2 and 3. These references-also emphasize the need f o r  some 
sat isfactory means  of detecting  overtemperature i n  bladee i n  order t o  
reduce the poss ib i l i t i e s  of engine failure by'defective blades and give 
added pro tec t ion   to  crews and a i r c ra f t .  Reference 4 reports that the 
use of physical measurements ( including  e lectr ical   res is tance)   for   the 
detection of minute in te rna l  cracks i n  forged  turbine components has not 
been successful,  because these defects  give  signals  smaller  than  are ob- 
tained H-th the normal var ia t ion   in  surface condition and dimensional 
tolerances. 

The purpose of this investigation i s  to explore  further the posei- 
b i l i t y  of using  electrfcal   resistance as the ba6iS f o r  a test  t o  deter- 
mine if turbine  blades have  been  overtmnperatured. 

I n  evaluating the f e a s i b i l i t y  of detecting  overtemperature i n  tur- 
bine  blades by resiLstance~measurements itmust b e  shown first that the  
overtemperaturz  produces & measurable change in   res i s tance .  U s  can 
best  be done by studies of homogeneous bar stock. Secondly, it must be 
shown that t h i s  change is  no% obscured o r  avershadowed by the var iab i l i ty  
of the  blade  makerial  or geometry.  Presuming tha t  meaeurable  changes i n  
r e s i s t i v i ty   a r e  not overshadowed by the var iab i l i ty  of the blades,  sev- 
eral approaches  could be used t o  determine i f  a given  blade had been 
overtemperatured. Three approaches that appear  reasonable are: 
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(1) Determining i f  the resistance of a specific  location on turbine - blades  selected  at  random from a wheel  exceeds a value which has been pre- 
determined t o  be indicative of an  overtemperatured  condition. 

(2) Determining the resistance of the blade along the span. Since 
the overtemperature i s  genera- severely  localized  in the blade, it 
would appear  reasonable t o  expect a discont inui ty   in  th i s  region i n  the 
resistance  against  blade span  curve for overtemperatured blades. 

lc 

dc 

(3) Recording the resistance of several selected new blades before 
they were operated,  identifying these blades, and comparing w i t h  periodic 
measurements of the  res is tance of the  same blades. 

O f  these methods, (1) i s  preferred  because it does not  require re- 
cording the h is tor ies  of the blades and  needs only a single measurement 
on each blade. It does, however, have the  disadvantage (as w i l l  be dis- 
cussed i n  greater detail later i n  t h i s  report)  of requiring  accurate 
positioning  of the probing  device  used  for making the measurements. 

26 
03 
0 -  Method (2) a lso has the   a t t rac t ive   fea ture  of not  requiring the blade 
P history; it does, however, require a series of measurements. 

This report   consists of a series of brief s tud ie s   i n  which the fac- 
t o r s  which a f fec t  the use  of  resistance were studied  independently. The 
cobalt-base  alloy S-816 was used i n  this study. The factors  studied 
were: (1) the r e s i s t i v i t y  of randomly selected new blades, (2) the  re- 
s i s t i v i t y  of specimens which had been heat-treated  to  simulate and exag- 
gerate  various  degrees of overtemperature, and (3) the var ia t ion i n  the 
cross-sectional  area of the a i r fo i l   poss ib l e   u i th in  the dimensional 
tolerances. 

Composition and Structure  of S-816 

# per - (Mini- 

W iCb +kTai C. i m u i  ; 1 
3.5-4.5 3.5- .5 0.32-0.42 

(Maxi- 

The standard heat treatment  for  forged s-816 turbine  blades is, i n  
the order  of  treatment: 

(1) Solution  treatment: 2150° F, 1 hour,  water-quenched 

(2) Aging treatment: 140O0 F, 16 hours,  air-cooled. 
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A representative  resultant  microstructure  {fig. l(a) 1 consists of 
hard-residual (Cb, Ta) C-type carbides and other  carbides i n  the grains 
and at the  grain boundaries of a ductile  solid-solution  matrix. The 
main feature  distinguishing  the  microstructure of a severely overtemper- 
atured sample is the  dissolut ion of the  grain boundary precipitate  (f-igs. 
l ( b )  and (c))  . Lesser degrees of overtemperature would merely  increase 
and agglomerate the  precipi ta te .  

.I 

Description of Specimens i 
Resis t ivi ty  specimens  from bar stock. - To provide specimens with a 

high degree of uniformity, hot-worked S-816 bar stock was used.  Detailed 
information  about specimen s izes  will be found in   the   sec t ion  Overteraper- 
a ture  Heat Treatments. 

Resis t ivi ty  specimens from turbine  blades. - In order t o  determine 
the   s ca t t e r   i n   t he   r e s i s t i v i ty  of forged S-816 turbine blades. 15 
J47-GE-25 blades were chosen it- random from several hundred new blades. 
The blades chosen represented sfx different  vendors and indizated t b  
range of r e s i s t i v i ty   r e su l t i ng  from the  normal thermal and mechanical 
fabrication  variables which occur  during  manufacture. Two specimens, 

1 3 I about lF by - by inch, were machined from the  a i r foi l   near   the  lead-  16 . 

ing -edge of  each of the blades as shown i n  figure 2. 

Turbine blades for   area and resistance studies. - To indicat+the 
scat ter   in   cross-sect ional  area that exists i n  production  blades,  the 
areas of three new blades, from difFerent  vendors, were measured. 

A used blade was employed t o  determine the  reproducibil i ty of re- 
sistance measurements of blade  airfoils.  Surface  scale was removed from 
t h i s  blade by l i gh t  vapor b las t ing   p r ior   to  making the   res is tance 
measurements. 

Overtemperature Heat Treatments 

Temperature gradient  studies. - I n  order t o  determine  whether re- 
sistance measurements can detect an overtemperature  condition and t o  
determine the magnitude of res i s t iv i ty   d i scont inui t ies  produced ar t i f i -  
c i a l l y  by heat  treatment i n  bas etock, four specimens,  each 5.0 by 0.300 
by 0.300 inch, were made from a piece of-bar stock - inch in diameter 

and 10 inches i n  length. After receiving  the  standard heat treatment, 
t h e  specimens were heated i n  air by an  induction c o i l  around t h e i r  mid- 
sections. The highest  temperature was measured by a Chromel-Alumel L 

25 
32 . 
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thermocouple  spot-velded to  ,the  midsection. A temperature  gradient ex- 
tended  from  the maximum temperature at the   cen ter   to  an  estimated 300' F 
at the  ends  of the specimen. The midsection of each specimen was heated 
f o r  15 minutes at 18000, 2150°, or  2250O F. After air-cooling  the  speci- 
mens, t he  thermocouples were removed and the  surfaces were polished wfth 
f ine  emery c l o t h   t o  remove the scale which formed at the  midsections. 

" 

Constant  temperature  studies. - In order  to  determine  the  magnitudes 
of the r e s i s t i v i t y  changes  due t o  t i m e  and temperature, specimens were 

[c cn 
d 

1 
0 msde from another  lot  of bar stock. Baz stock ( 1 ~  in.  square) from one 

heat was  hot-rolled and sawed in to  slugs 1 inch  square and 2- inches 

long. A l l  slugs were given  the  standard  heat tGeatment simultaneously. 

The slugs w e r e  machined into specimens Zg by  0.20  by 0.20 inch,  heat- 
t reated in an  argon  atmosphere a t  1600°, 180@, 2000°, o r  2200° F f o r  
periods of 2, 20, and 75 hours, and air-cooled, one specimen being used 

the  cross-sections  of  the  square specimens t o  0.168 inch on a side.  

5 
8 8 

5 

- f o r  each  condition.  Final machining to clean  the  surfaces  reduced 

Tests and Waluations 

Resistance testing. - The equipment and procedure employed f o r  re- 
s is tance measurements were as follows: 

Equipment: The schematic c i r cu i t  di8,gram f o r  measuring the resist- 
ance of the  specimens is shown in f igure  3. A Kelvin bridge w a s  used 
t o  measure the resistance between the  points  where the  potential   probes 
contact the test specimen. The potential  probe  span was  0.75  inch. The 
Kelvin bridge eliminates the e f fec t  of contact  resistances, is su i tab le  
f o r  measuring resistances from 0.00001to 10.1 ohms, and gives estimated 
readings down t o  0.0000001 ohm. An external  spot-l ight galvanometer  and 
6-volt  battery were used. The current drawn from t he   ba t t e ry  w a s  kept 
at about 8 amperes by means of a variable  resistor.   Reference 5 gives 
detailed  information  about the bridge employed. 

The apparatus  for  measuring  either  blades  or  resistivity specimens 
i s  shown i n  figure 4.  The resis tance measurements of a blade were made 
on the a i r f o i l   s i n c e   t h i s  is  where avertemperature i s  most severe and 
where blade failure normally occws  during jet engine  operation. C u r r e n t  
contact t o  the blade is  made through the two mercury wells. The t i p  of 
the airfoil  protrudes  through  an  opening i n  a sponge-rubber seal at the 
bottom of the  upper  mercury w e l l ;  t h i s  seal also  holds the blade. The 
dovetailed  root  section of the  blade is  suspended i n   t h e  lower  mercury 
w e l l .  A micromanipulator was employed t o   l o c a t e  the potential   probes 
at the  desired points on t h e   a i r f o i l .  - 
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Procedure: The resistance nf the  portion of the test  specimens 
between the   po ten t ia l  probes w a s  measured by sending a current through 
the c i r cu i t  and varying the res i s tance   in  the Kelvin  brldge  until it 
equalled the unknown resistance.  A t  this point,  since  the  current-through 
the bridge re s i s to r s  i s  the same as  that  through the t e s t  specimen, the 
poten t ia l  drop across  the  bridge  resistance  balances the potent ia l  drop 
along the  part of the -specimen between the potent ia l  probes,. so that no 
current  passes through the galvanometer. The unknown resistance is  then 
read  direct ly  from the   d i a l   s e t t i ngs  of  the bridge when the galvanometer 
pointer  gives no def lectiorr. 

Resistance measurements were made at four f ixed Locations along the 
span at-the midchord of an a i r f o i l .  These measurements were repeated a8 
several traverses were made. I n  some tests the blade w a s  removed from 
the holding fixture between traverses.  

The r e s i s t i v i t y  data i n  the temperature gradient s tudy  were obtained 
by repeatedly  traversing the specimen and, in  several   cases,   traversing 
after the  specimen was  removed and repositioned-. In the course of ob- 
ta ining  the data in  the  constant  temperature and blade r e s i s t i v i t y  stud- 
ies, the  specimen vas repositioned  several times. 

4 

The e l e c t r i c a l   r e s i s t i v i t y  p was calculated from the  equation 

p = R - where R i s  the e lec t r ica l   res i s tance   in  ohms, A is the  cross- A 
1 

sect ional  mea of the specimen i n  square  centimeters, and 2 is  the dis- 
tance  in  centimeters  across which the  potent ia l  drop is  measured. This 
equation is  valid  for  current flow pa ra l l e l   fo r  a length 2 Over a con- 
s tant   area A i n  a material  of constant   res is t ivi ty  p .  

For the  specimens which had been exposed t o  temperature  gradients 
and f b r  the used turbine  blade,   relatively  large  resistance  variations 
occurred  as the potential  probes  traversed the length of the specimen. 
When plot t ing  the  data  i n  these two cases, a measured resistance was con- 
sidered t o  be  located at the midpoint of the probe span. 

Hardness tes t ing.  - In order t o  compare the resistance  data w i t h  
data from a commonly employed quality  control test  f o r  S-816, hardness 
w a s  measured on a standard Rockwell tester. 

Determining cross-sectional area of blades. - In order t o  evaluate 
the  e f fec t  of variations fn the cross-sectional area of the a i r f o i l  on 
the resis tance of a blade, the mea w a s  determined at several s ta t ions 
on the blade airfoil from specifications and .u&asirrements made on blades. . 

The nominal area uas determined from the specifications  for the 
547-GE-25 turbine  blade by laying out +he prof i le  at the desired  location 
and measuring the  area with a planimeter. In a similar manner, the 
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- largest  area permitted at the same locations was determined  by  superim- 
posing the positive  tolerances of the  specifications.  The negative 
tolerances were much smaller  than  the  positive  tolerances and thus caused 
only a small  decrease i n  nominal area. It was therefore assumed tha t ,  
t o  a first approximation, the  difference between the nominal area and 
the largest  mea  represents the m a x i m u m  var ia t ion   in   a rea  of an a i r f o i l .  

A visograph was  employed t o  record the prof i les  of the three new 
blades from different  vendors. The area of the p l o t s  was measured with 
a  planimeter . lc 

ch 
0 * 

Effect of Overtemperature  Heat  Treatments on Homogeneous Bar  Stock 

Only severe  overtemperature  can  result i n  a suff ic ient  change i n   t h e  
.I r e s i s t i v i t y  of bar stock t o  permit  detection. The r e s i s t i v i t y  changes 

resul t ing from mild  overtemperatures f a l l   w i th in  the sca t t e r  band o f . t h e  
untreated  material.  Figure 5 shows the r e s i s t i v i t y  changes resu l t ing  

stock f o r  l5 minutes. The maximum temperature  region i s  at the  center.  
Outside of the hot zone, almost all r e s i s t i v i t y  measurements made on the 
heated  specimens f a l l   w i th in   t he  range of values f o r  an  untreated  speci- 
men. Resistivi-Ly measurements made in the  hot zone of the specimen 
heated t o  B O O o  F also w e r e  within  the  range of those  for  the  untreated 
specimen. However, the  hot zones for   the  2I5O0 and 2250° F specimens 
could be clearly  detected by the r e s f s t i v i t y  peaks at t h i s  region (see 
f ig .  5fa)) .  The hardness was measured on only the 2250° F specimen. The 
hardness change f o r  t h i s  specimen also enabled  the  identification of the 
hot zone as shown in   f igure  5(b) .  

- from imposing various  temperature  gradients on t he  specimens from bar 

%me at constant  temperature was'also found to   in f luence   the  re- 
s i s t i v i t y .  The r e s i s t i v i t y  and hardness of the uniformly  heat-treated 
specimens from bar stock me l i s t e d   i n  table I and p lo t t ed   i n   f i gu re  6 .  
The largest   res is t ivl ty   decrease shown in   f i gu re  6Ca) was 1.50 percent 
below t h e   r e s i s t i v i t y  of the  standard  (untreated)  specben. This change 
took place after 2 hours a t  1800° F. The largest  increase, 1.64 per- 
cent,  occurred at 2200° F, a l so   a f t e r  2 hours. The t o t a l  percentage  var- 
i a t ion  was thus 3.14 percent.  After the i n i t i a l   r e s i s t i v i t y  changes oc- 
curred, a l l   r e s i s t i v i t y  values  tended t o  converge toward the  value fo r  
the untreated specimen. The 16000, 1800°, and 2000° F values w e r e  al- 
most ident ica l  &er 75 hours. For some overtemperatures between 2000' 

untreated specimen slnce a l l  values  for 2000° F are below the untreated 
value and those far 2200' F, above. Figure 6(b) shows t h a t  the only ap- 

creased with time at temperature. 

- and 2200' F t he   r e s i s t i v i ty ,  after cer ta in  tfmes, must equal  that  of the 

., preciable  hardness changes  took  place at 2200O F where the hardness  de- 
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In  considering the above data it should be recal led  that  overtemper- 
atures  can  occur when s t resses   are  either high  or low.  The effect  of 
overtemperature on r e s i s t i v i t y  when material is  stressed i s  unknown and 
would .require a separate  study. 

Effect of Blade Variabil i ty 

Variations in   p rope r t i e s  of new blades. - It has  been s h m  that se- 
vere  overtemperatures  can be detected  in  homogeneous bar stock. Whether 
or  not the resis tance  scat ter  band- due to  fabrication  variables  overlaps 
t h a t   f o r  overtemperature  operatian i s  an important  consideration in 
evaluat ing  the  e lectr ical   res is tance test t o  detect  blades  thae-have been 
a t  overtemperature. The r e s i s t i v i t y  and hardness of specimens machined 
from new blades are l i s t e d  in t ab le  I1 and p l o t t e d   i n  figure 7. The 
dotted  l ines  represent  the maxim sca t t e r  of t h i s   da t a .  The range of 
r e s i s t i v i t y  and hardness  obtained on specimens by heat  treatment  alone 
.md taken  from  figure 6 i s  also shown. A comparison of- these bands indi-  
cates  that (except f o r  the hardness  values at 22000 F) the   r e s i s t i v i ty  
and hardness  values  for  the  heat-treated  bar-stock specimens f a l l  with- 
i n   t h e  bands of s c a t t e r   f o r   t h e  specimens cut from blades. 

The maximum var ia t ion   for  specimens from blades (97.826 microhm-cm) 
increased 4.48 and decreased 2.77 percent from the  average  resist ivity 
value,  giving a t o t a l   va r i a t ion  of 7.25-percent. It i s  evident t h a t   t h e  
e f fec t  of fabr icat ion  var iables  on resistLvity exceeded t h a t  produced by 
heat  tr6atment.  This may not  be  true when a l l  blades are from thX B a m e  
vendor.  Figure  7(a)  indicates that the   r e s i s t i v i ty   s ca t t e r  band for some 
vendors is, on the  basis  of a f e w  blades per vendor, smaller than  the 
var ia t ion due t o  heat  treatment; 

No re la t ion  between hardness, r e s i s t i v i ty ,  and location of specimene 
from blades was detected  (table 11). The scatter i n   r e s i s t i v i t y  and 
hmdness of  specimens  from new blades ref lects   the  var ia t ions i n  thermal 
and mechanical h i s to r i e s  between the  blades. The r e s i s t i v i t y  and  hard- 
ness of t h e  blades are affected by the  differences  introduced  during 
fabrication;  differences,   for example, i n  composition (due t o  changes 
i n  the  charge  for  melting  or  melting  procedure),  residual  stresses (due 
t o  var ia t ions i n  forging and finishing  operations), and s i ze  and dfstribu- 
t i o n  of the  precipi ta tes  (due, fo r  example, to   d i f fe rences   in   hea t  
treatment) . 

Variation8 in. blade geometry. - The allowable vari@xl.ons in cross- 
sectional area for  various  locations on the a i r f o i l  are listed in   t ab l e  
111. These data, which include measurements made on three new blades, 
we   p lo t t -ed   in  figure 8. 

rp 
0 
(D 
4 
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Since  e lectr ical   res is tance i s  inversely  proportional t o  cross- 
sectional area, a s m a l l  increase   in  mea will cause a similar decrease 
in   res i s tance .  The dashed  curves i n   f i g u r e  8 me the  limits f o r  the var- 
i a t ion   i n   t he  measured cross-sectional area of three new blades. The 
solid  curves  represent the nominal area  (approximately  equal t o   t h e  mini- 
mum area) and maximum area according t o  the  dimensional  tolerances  given 
in   the  blade  specif icat ions.  The specifications  permit an increase   in   the  
areas at the  various  stations from 8 percent of the  nominal area (near the  

base) ' t o  142 percent  (near  the  t ip) . The  measuYed blades  (dashed  lines) 1 
cc 
E - s showed a v&iation from - 1  1~ percent  (near  the  base) t o  1% L percent  (near  the 

t i p ) .  Thus, the percentage  variation  in area increases from the   roo t   to  
t h e   t i p  of the  blade. The va r i a t ion   i n   a i r fo i l   r e s i s t ance  due to   these  
area  variations can  exceed the  resistance  variations  for  the  previously 
noted  effects of overtemperature  heat  treatments (maximum resistance var- 
ia t ion,  3 percent) and fabrication  variables (maximum resis tance  var ia-  
t ion,  7 percent).  

An indication of the  reproducibil i ty of the  technique used t o  meas- 
N we the  res is tance of t h e   a i r f o i l  of a turbine  blade is  shown i n  t ab le  IV. 

The average  value  of  the  resistance  determinatfons made for   f ive  t raverses  
of t h e   a i r f o i l  i s  l i s t e d   f o r  each se t t i ng  of the  probes. Also l i s t e d  is 
a duplicate set of values  obtained mer removal  and re inser t ion  of t he  
blade i n  the  holding  fixture-. The reproducibil i ty of probe  positioning 
is indicated by the  mean deviation of the  f ive  separate   values  from the  
average  value. "he over-all   reproducibil i ty  that  would be  encountered 
with  repeated measurements fa t  various time intervals)  of a blade  can  be 
estimated from the  discrepancy between values fo r  the duplicate  blade 
measurement. The large  differences  in   res is tance between the  sect ions 
of t he   a i r fo i l ,  shown i n  t ab le  IV, require   that  great care be  taken i n  
relocating  the  potential   probes when reproducing  resistance measurements 
on a b lade   a i r fo i l .  

It is  believed  that  the  percentage mean deviation and percentage 
' difference  in   res is tance  values  f o r  a blade  can-be  reduced  further  by 

suitable  refinement of the  blade  holding and probe  positioning  devices. 
While the  accuracy  with which a resis tance measurement can  be made on t h e  
a i r f o i l  is not  as  high as tha t  made on the  regulm-shaped specimen, t he  
technique employed t o  measure the   res i s tance  of the blade  appeass t o   y i e l d  
reproducible  values. 

CONCLUDING RFSIARKS - 
This study  has shown t h a t  f o r  S-816 t h e   r e s i s t i v i t y  changes  produced 

- by  mild  overtemperature  heat treatments (up t o  about 2oOo0 F) fall within 
the  scatter of t h e  resistivities of the  homogeneous al loy.  The l i t e r a t u r e  
indicates that these  mild  overtemperatures  are  detrimental  to  blade l i fe .  



10 . . .  . .  . NACA RM E57A29a 

In  the  caseof  severe  overtemperature  measurable  resistivity changes oc- 
cur. I n  the  case.  of  turbine  blades where the  pr ior   his tory i s  not known, 
however, even the   e f fec ts  of very  severe  overtemperature  probably  cannot 
be found  by resistance measurements because o f t h e   s t r u c t u r a l  and  dimen- 
s iona l   va r i ab i l i t i e s  of the blades. 

.. . 

Another method suggested for  using  resistance  to  detect  overtempera- 
t u r e   i n  a turbine blade is examining a p lo t  o f  the  resitstanc-e-  along  the 
blade  span. It was  expected. that   th is   plot  would have a discontinuity - 
where the overtemperature.occurred. The data indicate that for such a 
discontinuity  to  exist,  the  overtemperature must be unusually  severe; 
thus, th i s  method  wauld not be particularly  useful.  Furthermore, it is 
probable  that the curve of resistance  along the a i r f o i l  span is not smooth 
because of var ia t ions . in  the blade  chemistry and metallurgical  structure. 

Finally,   there ts the poss ib i l i ty  of -Cktermining if turbfne  blades 
have  been  overtemperatured by logging  the  resistances of several  selected 
new blades before  they  are  operated,  identifying  these blades, and period- 
i c a l l y  remeasuring the same blades. It appears  that, i f   suf f ic ien t   care  
is used in  positioning  the  probes  for making the  res is tance measurements, 
this method could be- used, b u t  only to  indicake-.that-  the.  biadks of a tG- 
bine wheel had been  exposed to very  severe  overtemp&ature. L 

c 
." " 

. .  - .  

SUMMARY OF RESULTS 

An exploratory  study was d e  t o  determine the usefulness of an 
electr ical   . res is tance t e e t  f u r  detecting  overtemperatured-.S-816  turbine 
blades  not  subjected t o  stress during  the  overtemperature. The following 
resu l t s  e r e  obtained: . . . .  

1. A de tec tab le   res i s t iv i ty  change occurred i n  S-816 bar  stock  after 
15 minutes of overtemperature  atZ150° o r  2250' P, but  there was no sig- 
nif icant  change a f t e r  overtemperature at BOOo F . 

2 .  Bar stock  overtemperatured a t  2200° F f o r  2 t o  75 hours had higher 
res i s t iT i t ies   than   e i ther  bar stock overtemperatured for  equivalent times 
at 2000° F o r  below or bar  stock  given  only  the  standard  heat  treatment. 

3. Bar stock  overtemperatured a t  .1600° t o  2000° F f o r  2 tu 75 hours 
had r e s i s t i v i t f e s  which were approximately equal and only e l igh t ly  dif- 
f-erent  fromthe  value f o r  bar stock  given  only  the standa3.d hea t  
treatment. . .  . . .  , .  . -  .. 

4. For bar stock  overtemperatured between 2000° and 2200° F there L 

must be  combinations of time and temperature tha t  will r e s u l t  i n  resis- 
t i v i t i e s   i d e n t i c a l  t o  those  for  bar  stock which has  not  been at 
overtemperature. . .  . .  . . .. . " " 
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5. The s c a t t e r   i n   r e s i s t i v i t y   f o r  new blades was so great   that  it 
exceeded the   r e s i s t i v i ty  changes  produced  by heat-treating  the  bar  stock. 

6.  There w a s  no simple re la t ion  between r e s i s t i v i ty ,  hazdness, and 
location at which these measurements were made on new turbine  blades. 

7 .  The percentage  variation  in mea permitted by dimensional toler- 
ances for  turbine  blades  can cause greater- changes in   r e s i s t i v f ty   t han  
the   e f fec ts  of overtemperature. 

0 
d+ 

8. The area of a blade airfoi l   increased  rapidly  in   t ravers ing from 
the   b lade   t ip  t o  the  base. Thus, great care had t o  be taken in   r e loca t ing  
the  potential   probes t o  reproduce  resistance measurements. 

Lewis Fl ight  Propulsion Laboratory 
National Advisory Comittee  for  Aeronautics 

Cleveland, Ohio, January 30, 1957 
2 

3 
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TABLE I. - PROPERTIES OF HEAT-TREATEIS. S-816 

Heat treatment  Electrical Hardnessb, 
-: . I 

( 4  r e s i s t i v i ty ,  Rockwell- 
" ,microhm-cm 

Temperature, 
OF. H A -  I 

Untreated  (given only 64.5 28 97.33 -- 
standard  heat  treat- 
ment f o r  s-816 1 

16 00 

64.0 27 96.81 75 
65.0 29 96.16 20 
64.5 28 97.73 2 

1800 2 95.87 28 

63.5 26 96.81 75 
64.0 27 96.71 20 
64.5 

96 .26  
96.79 
96.92 

97.95 59.0 
57.5 75 97.76 - 

a A l l  specimens had previously been given  the standard 

'The Rockwell C -  scale was used for all hardness meas- 
heat  treatment f o r  S-816. 

urements above Rockwell C-20 (Rockwell A-60.5). The 
Rockwell A- scale was used below Rockwell C-20. All 
other Bockwell A- hardness  values i n  the   t ab le  are 
converted from the Rockwell C- measurement. 
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t- 
37 
0 
d 

f 

c TABLE 11. - PROPERTIES OF SPECIMENS MACKCNXD 

FROM NEW S-816 TURBLNE BLADES 

r Specimen designation -r 
3lade 
lumber 

1 
1 
2 
2 
3 
3 
4 
4 

5 
5 
6 
6 
7 
7 

8 
8 '  
9 
9 
10 
10 

11 
ll 
l2 
12 

13 
l3 
14 
14 

L5 
15 

Location 
(a) 

U 
L 
U 
L 
U 
L 
U 
L 

U 
L 
U 
L 
U 
L 

U 
L 
U 
L 
U 
L 

U 
L 
U 
L 

U 
L 
U 
L 

U 
L 

Tendor 

A 
A 
A 
A 
A 
A 
A 
A 

B 
B 
B 
B 
B 
B 

C 
C 
C 
C 
C 
C 

D 
D 
D 
D 

E 
E 
E 
E 

F 
F 

Electrical 

microhm-cm 
resistivity, 

98.78 

98.30 
98.29 
96.41 
96.31 
97.11 
96.78 

97.09 
97.85 
98.16 
95.12 

96.62 

98.06 
96.85 
96.73 
97.30 
97.88 
99 .w 
98.92 
98.40 
98.90 
98.93 

97.95 
98.68 
97.96 
97.88 

95.83 
95.76 

102.2 

100.6 

- 
1 

" 

i 

Hardness, 
3ockwell C- 

28 
24 
27 
27 
30 
32 
28 
26 

28 
26 
29 
33 
30 
26 

28 
27 
28 
31 
30 
31 

25 
26 
26 
23 

26 
28 
26 
25 

26 
26 

YJ, from upper leading eQe; L, from lower lead- 
ing edge. 
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TABLE III. - CXOSS-SEXTION4L AREA OF FORGED S-816 TURBINE BLADES 4- 
. .  " . .". - . - - - -. . . - - . - .- - ." . .  . .  - "". - . . ". 4 . 

StatFan Area, sq in .  Height of.. 
station .. . ..- - 

above bas&, New blade area M & x i m  mea Mominal area 
in.  (approx . 

minFmum area specifications 
by Blade 9 1Bl.a.de 2 B l a d e  

allowed by 
specifications) 

0.4671 
1.883 .3656 
2.808 -2415 .2763 

E 3 . 5 m  

'0.5388 

,1726 .L9U 
.2464 ,2524 
.34 16 .3394 
.4471 .4461 

0.5394 '0.5499 
.4527 
.3563 
.2633 
,1863 

OF S-816.TURBm BLADE 
"". -. - . -  ~ - - -  - .. . .. - -. - - - .. . . " .. 

. .  " 
"" . . 

Dlstance 
difference 
Percentwe Resistance, microhma. . 

between 
above base 

the 

viation, (c) viation, ( c )  in. 

Measurement twob Measurement one 

blade, measurmente Mean de- Average Memi de- Averas 

percent  percent 

2.50 

2.4 9.5 71.8. 9.1 70.1 1.25 
.8 2.6 88.5 f. 7 89.2 2 .oo 

1.3 r1.2 97 :5 f . 4  96.2 2.25 
0.5 ko.4 100i6 - "0.4 . 101.1 

. .. . 

aFor a potential probe span of 0.75 in. . . . 

bBlade  removed and replaced  'into holder. 
'Average f o r  five separate  resistance  traverses. 

. .  - 

. .  .- . . .  
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I 1 

(a)  Standard heat kreatment: 1 hour 

hours st 14000 F, alr-cooled. 
at Zld F, water-quenched; 16 

. . .  .. 

1 , 

0 * L U G .  L 
I L c 

. . . . - . . . . .. 

4097 
" ' "  ' I  



Figure 2. - h a p i o n  of test  Specimns machhed frm blades. 
I 

* 

/casosl/ 

( A l l  diwmalons in imhes.) 

. . . .  
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Battery Switch 

Kelvin 
bridge 

C1, C2  Current meter contacting points 
G Galvanometer 
PI, P2 Potential contacts 

I 

# 

b 
b Test 
# specimen 
b 

b 

Figure 3. - Schematic circuit diagram for measuring resistance of t e s t  
specimens. 
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I s 
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100 

98 

96 

94 

Highest  temperature, 
measured at midlength, 

O Untreated (given only 
standard  heat treat- 
ment for s-816) 

1800 
2150 
2250 

(a) Electrical resistivity. 

L 
Distance f r o m  end of specimen,  in. 

(b) Hardness. 

Figure 5. - Variation  in  resistivity  and hardness along length 
of S-816 specimens  heated for 15 minutes at their midlengths. 
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Reat-treating temperature, 
OF 

Untreated  (given only 
standard heat treatment 
for  S-816) 

1600 
1800 
2000 
2200 

99.5 

97.5 

95.5 

30 

20 

1 A  

I" 0 20 40 60 
Heat-treating  time, hr 

(b) Variation in hardneas. 

Figure 6. - Effect af heat treatment on 
properties of S-816. 
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(a) Electrical resistivity. 
40 

30 

20 

10 

Vendor 
(b) Hardness. 

Figure 7. - Scatter i n  resistivity and hardness of new S-816 
turbine  blades. 
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S t a t i o :  

.60C 

.500 

c 
.400 

.200 

1 :o 
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2 .o 3 .o 4 .O 
Distance from base  of b l a d e ,   i n .  

Figure 8. - V a r i a t i o n   i n   c r o s s - s e c t i o n a l  area of 
S-816 t u r b i n e   b l a d e s   f o r  one J e t   e n g i n e  model. 

NACA - Langley Fleld, Va. 




